In most Epstein-Barr virus (EBV)-infected B cells, viral gene expression is limited and infectious virus is rarely produced (10) . The EBV genomes in such latently infected B cells are present as multicopy plasmids (38) , and replication of these EBV plasmids exhibits several important characteristics in common with the replication of cellular chromosomes. EBV chromosomes replicate once per cell division cycle (1) , and replication occurs at a discrete time during the S phase (22, 23) . Two additional features of EBV latent-cycle replication make this an attractive system to study the regulated replication of DNA in eukaryotic cells. Only one viral gene product is required for latent-cycle replication, the EBV nuclear antigen 1 (EBNA-1 [37, 53] ). Thus, all other proteins required for replication are provided by the host cell. Additionally, replication initiates at a well-defined cis-acting element, oriP, and this origin of DNA replication directs the regulated replication of recombinant plasmids in primate cells expressing EBNA-1 (37, 52, 53) . Investigation of the maintenance of EBV chromosomes in infected cells will also further our understanding of the virus-host interactions underlying the lifelong human infections established by this herpesvirus.
Previous studies have established that oriP is composed of two essential elements (37, 43) . Region II, also referred to as the dyad symmetry element, contains four binding sites for EBNA-1 (2, 41) and is at, or very near, the site of initiation of latent cycle DNA replication (17, 51) . Region I, also termed the family of repeats, is located approximately 960 bp from region II and contains 20 EBNA-1-binding sites (2, 41) . Region I is absolutely required for the stable maintenance of plasmids bearing region II in cells expressing EBNA-1 (37, 43) , contains the termination site for replication (17) , functions as a transcriptional enhancer element for RNA polymerase Il-transcribed genes (42) , and allows for the prolonged retention of physically linked DNA (33) . All of these activities attributed to region I require EBNA-1 (11, 33, 37, 42, 43, 53) .
Region I contains 20 EBNA-1-binding sites that are separated by either 26 or 30 bp (41) . In contrast, region II contains four EBNA-1-binding sites. Sites 1 and 2 are separated by 21 bp, as are sites 3 and 4; sites 2 and 3 are separated by 30 bp (41) (Fig. 1) . It is likely that differences in both the number and spatial arrangement of EBNA-1 sites in regions I and II contribute to the distinct biological properties of these elements. Two or three tandem copies of region II can function as an enhancer element for an RNA polymerase II promoter, but the level of enhancement is much lower than that provided by a similar number of sites derived from region I (51) . Similarly, two and three tandem copies of region II activate replication from region II to a lesser extent than do five or seven repeats from region I (51) . Differences (16, 26) . The distortion of the DNA may be important for the events that lead to duplex unwinding and replication initiation (16, 26) . The presence of the KMnO4-reactive thymines in EBNA-1-binding sites separated from an adjacent site by 21 bp (Fig. 1) and their absence in EBNA-1-binding sites separated by 26 or (4) . The positions of the four EBNA-1 binding sites (numbered according to the convention in reference 41) are indicated by the numbers over the sequence and by the bars between the DNA strands. The number of base pairs separating adjacent sites are indicated at the bottom of the figure. The bars above and beneath the DNA sequence represent nucleotides protected from DNase I digestion by EBNA-1 (26) . Breaks at the ends of the bars represent ambiguities in the interpretation of the footprints because of the absence of nuclease cleavages in naked DNA controls (26) . The arrowheads at nt 9046 (top strand) and nt 9110 (bottom strand) indicate the positions of thymines oxidized by KMnO4 in the presence of EBNA-1 (16, 26) . The that interactions between EBNA-1 bound to sites 1 and 2 and between EBNA-1 bound to sites 3 and 4 were required for EBNA-1 to bend or untwist the DNA.
To begin to understand how EBNA-1 interacts with the cellular replication machinery to direct replication of oriPbearing plasmids, a genetic approach has been used to determine the importance of EBNA-1-binding sites in oriP. The experiments presented here demonstrate that the molecular events that lead to the initiation of DNA replication at region II do not require, mechanistically speaking, the binding of EBNA-1 to region I. These data provide additional evidence for a regulatory role for region I in oriP function (15) .
Experiments are presented that demonstrate that only two of the four EBNA-1-binding sites present in region II, separated by two helical turns, are necessary for region II function and suggest that specific interactions between EBNA-1 bound to sequences in region II are required for functional interactions with the cellular replication machinery.
MATERIALS AND METHODS
Cells and plasmids. D98 and D98/Raji cells (18) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Whittaker Bioproducts, Walkersville, Md.). HeLa cells were grown in Dulbecco's modified Eagle's medium containing 10% iron-supplemented calf serum (Whittaker Bioproducts). All cells were grown as monolayer cultures at 37°C in a humidified atmosphere containing 5% CO2.
Plasmids bearing intact oriP (pHEBo-1 and pHEBo-1.1) and deletion derivatives lacking either region I or region II (pRII and pHEBo-ldlDS, respectively) have been described previously (26, 48) . All recombinant plasmids used in replication assays were isolated from Escherichia coli DH1 cells (dam').
Transient expression of EBNA-I in HeLa cells was obtained by transfection of a plasmid, pAd/EBNA-1.3, in which synthesis of EBNA-1 is directed by the adenovirus major late promoter. The EBNA-1-coding sequences (B95-8 EBV isolate), together with a polyomavirus late mRNA donor splice site, 1,037-bp intervening sequence, and acceptor splice site, were removed from pMLPyA2K' (27) by digestion with BclI, followed by repair of the ends with Klenow polymerase and digestion with HindIII. This fragment was introduced into an adenovirus expression vector, pNL3-C (kindly provided by R. Schneider, New York University Medical Center), such that a cDNA containing the complete tripartite leader sequence present at the 5' end of all mature late mRNAs derived from the adenovirus major late promoter was positioned upstream of the polyomavirus-derived 5' splice site. A recombinant adenovirus containing this hybrid transcription unit directed the synthesis of full-length EBNA-1 (28; unpublished data).
Mutagenesis of oriP. Double-point and insertion mutations were introduced into region II by oligonucleotide-directed mutagenesis of this component of oriP subcloned in pBluescript KS (Stratagene, La Jolla, Calif.) as previously described (26, 34) . Sequences of the mutagenic oligonucleotides used for creating the mutations are shown in Table 1 . The mutated EBV sequences were substituted for wild-type sequences in pHEBo-1.1, and the sequence of EBV nt 8992 to 9156 was determined for each reconstruction (44) to ensure that the only mutations present in region II were those intended.
Nuclease protection and KMnO4 footprinting assays. DNase I protection and KMnO4 footprinting assays were performed as previously described with full-length EBNA-1 isolated from recombinant baculovirus-infected insect cells (26) . Immunoaffinity-purified EBNA-1 was used in some experiments, whereas EBNA-1 further purified by sequencespecific DNA affinity chromatography was used in others (see figure legends). The quantity of EBNA-1 required to obtain partial and complete protection of sites in region II in wildtype oriP was determined for each preparation by DNase I footprinting. Not all of the EBNA-1 present in the immunoaffinity-purified material bound to DNA. Thus, more immunoaffinity-purified EBNA-1 than DNA affinity-purified EBNA-1 was required to achieve complete protection of the binding sites in oriP. All footprinting experiments involved plasmids bearing both regions I and II (derivatives of pHEBo-1.1). [5] 5'-GCATATGCTTCCCGGGATCCGTAGTAGTATATACTATCC-3' (9105) in1/2 [10] 5'-GCATATGCTTCCCGGAGTCTAGACTGTAGTAGTATATACTATCC-3' (9105) in2/3 [5] 5'-CCAGACTAACGGATCCCTAATTCAATAGC-3' (9079) in213 [10] 5'-CCAGACTAACAGTCTAGATACCTAATTCAATAGC-3' (9079) in314 [5] 5'-CCCTAATTCAATAGCATATGTTACCCATCTAGACGGGAAGCATATGC-3' (9052) in3/4 [10] 5'-CCCTAATTCAATAGCATATGTTACCCAAGTCTAGACTACGGGAAGCATATGCTATCG-3 ' (9052) aThe nucleotide changes at the +51-5 positions of the EBNA-1 recognition elements (2) and the nucleotides inserted between EBNA-1-binding sites in the mutagenic oligonucleotides are underlined. The numbers in parentheses indicate the positions in the EBV genome (numbered according to the B95-8 isolate [4] ) that are altered in the dpm mutants and the position of the insertions in the in mutants. Plasmids containing a 10-bp insertion between sites 2 and 3 also contain a G-to-T change at nt 9078 (boldface type) owing to an error in design of the oligonucleotide.
Replication assays. The ability of plasmids bearing wild-type and mutated oriP to replicate in vivo in D98 and D98/Raji cells was determined by a transient-replication assay. Briefly, 10 ,ug of plasmid DNA was introduced into cells by CaPO4 coprecipitation (19) , and low-molecular-weight DNA (29) , digested with both DpnI and Clal, was analyzed by Southern blotting with 32P-labeled pHEBo-1.1 sequences generated by the random prime method (13) as previously described (26) .
The ability of plasmids bearing wild-type and mutated oriP to replicate in HeLa cells was also determined by a transientreplication assay, as described above, with several modifications. Increased quantities of either pHEBo-1.1, pHEBoldlDS, or pRII (20 ,ug) (15, 47) . The affinity of EBNA-1 for region II is approximately 10-fold lower than its affinity for region I (14) , and EBNA-1-region II complexes are sensitive to the presence of nonspecific competitor DNA (47) . The stability of EBNA-1-region II complexes, however, is increased when region I is present, presumably as a result of the formation of the DNA loop (47) . The consequences of loop formation in vivo are not known, but looping may play a role in the regulation of oriP function (15 (51) have shown that the site of initiation of DNA replication is within, or close to, region II. The data presented in Fig. 2 (2, 41) ; however, all four sites are not required for origin function (9, 52) . Because previous genetic analysis of region II relied upon large deletions that removed EBNA-1 sites, as well as flanking sequences that might be important (9, 52) , and because internal deletions that removed sites 2 and 3 without affecting sites 1 and 4 were not analyzed, we introduced double point mutations into each of the four EBNA-1-binding sites (dpml, dpm2, dpm3, and dpm4 [ Table 1 ; Fig. 1 ]) to determine the contribution of each site to origin function. Each dpm consisted of base pair transversions at the +5/-5 positions of the EBNA-1 recognition element that greatly reduced the binding of EBNA-1 to synthetic oligonucleotides carrying these mutations (2) . Insertions of 5 and 10 bp were also introduced between adjacent EBNA-1 sites (in1!2 [5] , inl/2 [10] , in2/3 [5] , in2/3 [10] , in3/4 [5] , and in3/4 [10] [ Table 1 ; Fig. 1]) to investigate the spatial arrangement of these sites. Chemical footprinting experiments have shown that the contacts made by EBNA-1 lie on one face of the DNA helix (2, 16, 26, 31) . Insertion of 5 bp between adjacent sites would cause the contacts made by EBNA-1 bound to these sites to lie on opposite faces of the helix, whereas insertion of 10 bp would make only a small change in the orientation of the EBNA-1 dimers but would increase the distance between them.
The ability of EBNA-1 to bind to sites in region II in plasmids containing dpml through dpm4 was determined by a DNase I protection assay (Fig. 4) (20, 26) . The sequences protected by EBNA-1 in a plasmid containing wild-type oriP are shown in lanes 6 and 7. Mutation of site 1 abolished protection of site 1 as well as the adjacent site 2 but did not affect binding of EBNA-1 to sites 3 and 4 (lanes 9 and 10). Similarly, mutation of site 4 eliminated protection of site 4 as well as the adjacent site 3 without affecting binding to sites 1 and 2 (lanes 18 and 19). Mutation of site 2 eliminated the binding of EBNA-1 to site 2 but did not affect binding to the three nonmutated sites (lanes 12 and 13). Mutation of site 3 abolished EBNA-1 binding to that site but did not affect binding to site 4 (lanes 15 and 16). These results revealed that the binding of EBNA-1 to the outer paired binding sites (sites (26) . Lanes I to 4 contain sequencing reactions generated with the same labeled oligonucleotide primer (44) . The positions of the four EBNA-1 recognition elements (2, 41) are indicated by the bars on the left. WT, wild type.
are tolerant of changes in the relative orientation and spatial arrangement of the binding sites (Fig. 5) . Analysis of the sequences in region II protected by EBNA-1 in plasmids containing insertion mutations revealed that introduction of either 5 bp (Fig. SA) (Fig. 6, lanes 3 and 5) . We have not determined the structure of these plasmids, but they are reminiscent of the plasmids detected in D98/Raji cells transfected with plasmids bearing deletions extending into the dyad symmetry element in region 11 (9) .
Because the individual mutation of sites 1 and 4 eliminated EBNA-1 binding at both the mutated site and the adjacent site (sites 2 and 3, respectively [ Fig. 4 ]) in vitro, these results suggested that only two of the four EBNA-1-binding sites are necessary for region II function. Additional support for this conclusion was provided by the results of replication experiments performed with plasmids containing various combinations of the EBNA-1 site mutations (dpm 1+2, dpm3+4, dpml+4, and dpm2+3). The sequences in oriP region II in plasmids containing these mutations that were protected from DNase I digestion by EBNA-1 are shown in Fig. 7 . In this experiment, the protection of site 1 at a lower EBNA-1 concentration and the subsequent protection of site 2 at a higher EBNA-1 concentration in wild-type region II are evident (lanes 6 and 7) and are consistent with the observed cooperative binding of EBNA-1 to these sites (Fig. 4) . The results with dpml+2 and dpm3+4 are identical to those obtained with either dpml or dpm4 singly (Fig. 4) ; EBNA-1 failed to protect the mutated sites from nuclease digestion but completely protected the nonmutated sites (Fig. 7, lanes 9, 10,  12 , and 13). Although one might have predicted EBNA-1 to be unable to bind to sites 2 and 3 in dpml +4 on the basis of the results presented in Fig. 4 separated by three helical turns was provided by the cooperative binding of EBNA-1 to sites 1 and 2 and to sites 3 and 4 with inl/2 [10] and in3/4 [10] , respectively (Fig. 5B) . The ability of plasmids bearing these combination dpms to replicate transiently and be maintained over many cell generations in D98/Raji cells was determined (Fig. 8) . As for the plasmids containing single EBNA-1 site mutations and insertions between EBNA-1 sites, similar number of hygromycinresistant colonies were derived with pHEBo-1.1 and plasmids containing the dpml +2 and dpm3+4 mutations (ranging from 4.1 x 104 for dpm3+4 to 5.9 x 104 for pHEBo-1.1). In contrast, 5-to 10-fold fewer stable transformants were obtained with plasmids containing the dpml+4 and dpm2+3 mutations. These reduced numbers were not due to less efficient transfections with these plasmids, because similar numbers of hygromycin-resistant colonies were observed at day 7 following transfection. At this time, however, many of the colonies began dying and only 10 to 20% continued to increase in size. Such transient drug resistance has been previously reported with plasmids that lack region II but contain region I and may be explained by the ability of region I to prolong the retention of the plasmid in the presence of EBNA-1 (43) . Stable transformants established with plasmids bearing dpml +2 and dpm3+4 contained autonomously replicating plasmid DNA at a copy number similar to that found in cells transformed with a plasmid bearing wild-type oriP (pHEBo-1.l [ Fig. 8A, lanes 3 to 5] ). These results are consistent with the observed inability of EBNA-1 to bind to site 2 or site 3 in plasmids with mutations in site 1 or site 4, respectively, and the ability of these plasmids to replicate autonomously in EBNA-1-positive cells (Fig. 4 and 6) .
Stable transformants established with plasmids containing dpml+4 and dpm2+3, in contrast, did not contain extrachromosomal plasmid DNA (Fig. 8A, lanes 5 and 6) . This defect could be explained by either a failure of DNA replication to initiate at region II or a defect in the segregation of the plasmids during expansion and passage of the transformants. Examination of the ability of plasmids bearing dpml +4 and dpm2+3 to replicate transiently in D98/Raji cells (Fig.  8B ) revealed that these mutants were greatly reduced in their ability to replicate over a 93-h period compared with pHEBo-1.1 and plasmids containing dpml +2 and dpm3+4. This experiment demonstrated that the primary defect in these mutants is in the initiation of DNA replication. Together, these results demonstrate that only two of the four EBNA-1 sites present in region II are required for this element to function and suggested that the spatial arrangement of EBNA-1 at these sites was important for origin function.
Spatial requirements for EBNA-1 sites in oriP region II. To test the hypothesis that the spatial arrangement of EBNA-1 dimers bound to sites in region II is critical for origin function, we introduced 5-and 10-bp insertions between sites 1 and 2 in a dpm3+4 background (dpm3+4;inl12 [5] and dpm3+4;inl/ 2 [10] ) and between sites 3 and 4 in a dpml +2 background (dpml +2;in3/4 [5] and dpml +2;in3/4 [10] ). As was observed for plasmids carrying insertion mutations between adjacent EBNA-1 sites in a wild-type region II background (Fig. 5) , EBNA-1 bound to the sites separated by the insertions in these mutated plasmids (Fig. 9) . However, all four of these mutants were greatly reduced in their ability to replicate transiently in D98/Raji cells (Fig. 10, lanes 4 to 7) . Analysis of stable transformants established with these mutants revealed the complete absence of extrachromosomal plasmid DNA in pHEBo-1.1(dpm1+2;in3/4 [10] ), pHEBo-l.1(dpm3+4;in1/2 [5] ), and pHEBo-1.l(dpm3+4;in1/2 [10] ) and approximately 0.2 copy per cell for pHEBo-1.1(dpml +2;in3/4 [5] Sequence requirements for the EBNA-1-induced distortion of region II. It has been shown previously that EBNA-1 induces the distortion of the DNA helix in oriP region II at two sites (Fig. 1) . These distortions, detected by oxidation of non-base-paired thymines by KMnO4, represent the bending or untwisting of the duplex by EBNA-1 as opposed to helix unwinding (16, 26) . The requirement for EBNA-1-induced distortion of region II for origin function is not known, but distortion of origin DNA appears to be a common activity of DNA replication initiator proteins (6, 8, 32, 45) . Because of the location of these helical distortions between EBNA-l-binding sites separated by two helical turns and the absence of similar distortions in region I and between region II sites 2 and 3, it has been proposed that interactions between EBNA-1 dimers bound to sites 1 and 2 and to sites 3 and 4 are required for EBNA-1 to bend or untwist the DNA (26) . The mutated origins described in this study were examined for the EBNA- ,'.
W" dpm3+4; dpm3+4; dpml+2; dpml+2; 1-induced distortions at nt 9046 ( Fig. 11A and 12A ) and nt 9110 (Figs. llB and 12B) to test this hypothesis. The requirements for both EBNA-1 and KMnO4 to detect these distortions, and the location of the KMnO4-reactive thymines in region II, are shown in Fig. 11 , lanes 7 and 8. The results obtained with the four EBNA-1 site mutants and six insertion mutants are presented in Fig. 11, lanes 9 to 18. The only mutation that eliminated the ability of EBNA-1 to bend or untwist the duplex at nt 9110 was dpml (Fig. liB, lane  9) . Similarly, the only mutation that eliminated the EBNA-1-induced distortion at nt 9046 was dpm4 (Fig. 1lA, lane 9) . Because EBNA-1 was able to distort the DNA at nt 9110 in the absence of binding to site 2 (dpm2; Fig. 11A, lane 10) and at nt 9046 in the absence of binding to site 3 (dpm3; Fig. 1 B, lane  11) , it may be concluded that protein-protein interactions between EBNA-1 bound to sites 1 and 2 or between EBNA-1 bound to sites 3 and 4 are not required for these helical distortions. The results obtained with the insertion mutants are generally consistent with the effects of the single-site mutations on the distortion of region II by EBNA-1. The distortion of the DNA at nt 9110 was not affected by the insertion of either 5 or 10 bp between sites 1 and 2 (Fig. 11, lanes 13 and 16) . EBNA-1 was able to bend or untwist the DNA in site 4 in mutants containing insertions between sites 3 and 4, but the thymine lanes 1 to 3) and mutant derivatives containing dpm3+4;inlI2 [5] (lanes 4 to 6), dpm3+4;inll 2 [10] (lanes 7 to 9), dpml+2;in3/4 [5] (lanes 10 to 12), and dpml+2; in314 [10] (lanes 13 to 16) was determined as described in the legend to Fig. 4 with 0 pLg (lanes 1, 4, 6 , 10, 13, and 16), 1 ,ug (lanes 2, 5, 8, 11 , and 14), or 2 p.g (lanes 3, 6, 9, 12, and 15) of DNA affinity-purified EBNA-1 (26) . WT, wild type.
oxidized by KMnO4 was nt 9045 as opposed to nt 9046 (Fig. 11,  lanes 15 and 18) . The change in the KMnO4-reactive thymine in mutants containing insertions between sites 3 and 4 might suggest that interactions between EBNA-1 bound to sites 3 and 4 affect the contacts made between EBNA-1 and sequences in site 4. This explanation seems unlikely because insertions between sites 1 and 2 did not result in oxidation of the thymine at nt 9111 and mutation of sites 2 and 3 had no effect on the bending or untwisting of DNA in region II by EBNA-1. A more likely explanation is that the sequences created by the insertions between sites 3 and 4 directly altered the ability of EBNA-1 to distort the DNA in site 4. Although region I is also present on the plasmid DNAs used in the experiment whose results are presented in Fig. 11 and EBNA-1 can mediate the formation of a DNA loop between oriP regions I and 11 (15, 47) , previous experiments have shown that the distortion of sequences in region II by EBNA-1 does not require the participation of EBNA-1 bound to region I, nor does EBNA-1-region I complex formation inhibit the distortion of the DNA (26) . The results of the experiment shown in Fig. 11 do not, however, rule out potential interactions be-J. VIROL. tween EBNA-1 bound to site 4 with dimers bound to sites 1 and/or 2 or between EBNA-1 bound to site 1 with dimers bound to sites 3 and/or 4. The short distance separating these EBNA-1 sites might appear to preclude such interactions in the absence of sharp bending of the intervening DNA, and the absence of KMnO4-reactive thymines in the sequence separating these sites when bound to EBNA-1 (Fig. 11) (16, 26) suggests that sharp bending of the DNA does not occur (5) . However, such long-range interactions between EBNA-1 dimers in region II have been suggested by the appearance of a novel DNase I-hypersensitive site in EBNA-1 site 4 in mutants containing point mutations in site 2 (26) . This observation implied that a protein-DNA complex involving more than four EBNA-1 dimers forms at region II. Examination of the ability of EBNA-1 to induce KMnO4 reactivity at nt 9046 in dpml+2;in3/4 [5] and dpml+2;in3/4 [10] (Fig. 12A, lanes 7  and 8) and at nt 9110 in dpm3+4;inl/2 [5] and dpm3+4;inll 2 [10] (Fig. 12B, lanes 7 and 8) (16, 26) , and intrinsic ATPase and helicase activities have not been found associated with EBNA-1 (3, 14, 40 (26) . Both EBNA-1 and KMnO4 were required for detection of the distortions at EBV nt 9046 and 9110 (lanes 8); omitting either EBNA-1 (lanes 6), KMnO4 (lanes 7), or both EBNA-lI and KMnO4 (lanes 5) resulted in the absence of chain termination at these sites. The ability of EBNA-1 to distort the DNA in the pHEBo-l.1 derivative containing dpml (lanes 9), dpm2 (lanes 10), dpm3 (lanies 1 lute requirement for region I in the long-term maintenance of oriP-bearing plasmids. Region I provides for the prolonged retention of physically linked sequences in an EBNA-1-dependent manner (33) . Additionally, both EBNA-1 and EBV genomes are associated with metaphase chromosomes (21, 24) .
Mutational analysis of region II, summarized in --- 1 and half of site 2 [9] ). These data may suggest that sequences flanking the EBNA-1 sites that were affected by these deletions are important for origin function. It is also possible that the deletions moved inhibitory vector sequences closer to the EBNA-1 sites and that this juxtaposition was responsible for the loss of replicative ability. One indication that the latter possibility is correct was the observed ability of a different oriP-bearing plasmid to tolerate a deletion extending from nt 9518 to 9106 (52) .
Why are there are four EBNA-1 sites in region II if only two are required for origin function? Additional sites may be required for plasmid replication, long-term plasmid maintenance, or regulation of origin activity in EBV-infected B cells. The nucleotide sequence of the latent origin of DNA replication of the related baboon virus, herpesvirus papio (HVP), resembles EBV oriP in a number of ways (36) . Sequences similar to the EBNA-1 recognition element are present as 10 "The ahility of plasmids bearing the indicated mutations to replicate transiently in D98/Raji cells to a level similar to wild-type is indicated by a plus sign.
Mutants that replicated at 10%l or less of wild-type are represented by a minus sign. ' The ability of mutated plasmids to be maintained at one or more copies per cell in D98/Raji cells is indicated by a plus sign. Mutated plasmids that are not present as extrachromosomal elements in D98/Raji cells are indicated by a minus sign.
" ND, not done.
tandem copies in one region of the origin, and these can serve as a transcriptional enhancer in HVP-infected cells (36) . Five related repeats are located 764 bp from the enhancer element, and these may make up the oriP region II equivalent of the HVP latent origin of DNA replication. We are limited in our ability to make comparisons between this sequence and oriP region II because of lack of information on the sequence requirements of the HVP EBNA-1 counterpart. It is, however, interesting that, as for oriP, more than two repeats are present and the spacing of four repeats in the HVP sequence is similar to that seen in oriP: two paired sites, each separated by 21 bp. The distance between the inner two sites is 22 bp, as opposed to the 30 bp separating sites 2 and 3 in oriP region 11 (2, 36, 41) . The similarities between the latent origins of DNA replication of EBV and HVP suggest that more than two initiator proteinbinding sites are required for an origin function not revealed by our assays. oriP region II is also referred to as the dyad symmetry element because of the presence of a 65-bp dyad sequence that spans EBNA-1 sites 3 and 4 (41, 43, 52) . Computer modeling of this sequence predicted the formation of a number of alternative stem-loop structures (30, 41, 50) , and evidence for one of these structures was obtained by probing naked plasmid DNA containing region II with a single-strand-specific endonuclease (50) . Stem-loop structures are not, however, formed in region II in the presence of EBNA-1 (16, 27) . Analysis of the thermodynamic stability of the dyad symmetry element also predicted that this sequence has reduced helical stability relative to flanking sequences, and the presence of similar easily unwound sequences in other replication origins sug- 
